The rate of reaction of gas phase HO2 radicals with a monodisperse, submicrometer aerosol was measured in a flow tube reactor at atmospheric pressure. At the relative humidity of the experiments (75%), the aerosol consisted of concentrated solution droplets of either LiNO3 or NH4HSO4. When the aerosol contained a sufficient amount of Cu(II) ions, reaction of HO2 with the aerosol was observed. The mass accommodation coefficient for HO2 on aqueous particles was determined to be greater than 0.2. This implies that in clouds HO2 mass transport will be limited by gas-phase diffusion and HO2 will be in equilibrium at the gas-liquid interface. Reactions of HO2 with Cu(I) and Cu(II) ions in submicrometer aerosols may have a significant role in converting atmospheric odd hydrogen radicals into H202.
INTRODUCTION
In recent years heterogeneous processes have been recognized as playing an important role in atmospheric chemistry. Of particular interest is the process by which SO2 is oxidized in forming acid rain; homogeneous gas phase reactions are not sufficiently fast to account for the rate of oxidation observed in the atmosphere [Calvert and Stockwell, 1984 ]. An understanding of atmospheric heterogeneous chemistry requires a knowledge of the compositions of both the gas and condensed phases, rates of condensed phase reactions, and the rates of mass transfer from the gas phase to the condensed phase. This last rate depends on both the diffusion coefficients and the mass accommodation (sticking) coefficient, a; this is the fraction of collisions which result in a gas phase molecule entering the liquid. If a is less than about 10 -2 , then the rates of processes occurring in cloud droplets become sensitive to this parameter [Chameides and Davis, 1982] .
In their modeling calculations, Chameides and Davis
[1982] considered a wide range of possible values of a; very small values appear to be supported by experiments with a variety of atmospheric trace gases on sulphuric acid surfaces Golden, 1979, 1980; Harker and Ho, 1979] , flow tube reactor walls [Martin et al.., 1980] , and dry salt particles [Jech et al., 1982] . However, values of a near unity are observed for vapors on their own liquids [Pound, 1972; Mozurkewich, 1986] and for NH3 on liquid H2SO4 particles [Huntzicker et al., 1980; McMurry et al., 1983 ]. We are not aware of any measured values for reactive free radicals on aqueous surfaces.
At this point we must make a distinction between the mass accommodation coefficient, a, and the reaction probability, Copyright 1987 by the American Geophysical Union.
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0148-0227/87/007D-0085 $05.00 y. The former is the fraction of collisions of a gas molecule with a surface which result in the molecule entering the condensed phase; the latter is the fraction which are permanently trapped or which irreversibly react in the condensed phase. y is a lower bound to a. It is clear that y is a strong function of the composition of the particle, the presence of reactive species such as other dissolved gases, and the surface to volume ratio of the particle. On the other hand, a should not depend strongly on these quantities. With a sufficient knowledge of the chemistry and composition of the drop, one may calculate y if a is known. Experimental accomodation coefficients are actually measurements of y, in order to apply these results to varying conditions, it is necessary to obtain experimental conditions under which y approximates a. Quantitative expressions for determining if the rate of gas uptake is limited by mass transport or by solution phase chemistry have been given by Schwartz and Freiberg [ 1981 ] .
Most interest in the chemistry of heterogeneous atmospheric processes has been centered on the role of clouds. Cloud droplets typically have radii on the order of 10/am and consist of dilute aqueous solutions. For such large drops, mass transport will be limited by diffusion unless a is about 10 -2 or less [Fuchs and Sutugin, 1970; Chameides and Davis, 1982] . The drops used in this study have sizes (0.05-0.10 /am) and ionic strengths typical of the clear air aerosol. Gas phase diffusion is not a significant limitation for particles in this size range, but reevaporation of dissolved species from the drop is much more rapid than for cloud drops.
The experiments described below were designed to measure the mass accommodation coefficient, a, for HO2 on aqueous aerosol particles. To accomplish this, a flow of gas containing HO2 was combined with a flow containing a monodisperse, submicrometer aerosol at a relative humidity above the deliquescence point of the aerosol. The decay of HO2 along the length of the flow tube was measured and the From the Henry's Law constants for 02 and H202 one can show that, for the drop sizes used in these experiments, the products, 02 and H202, will rapidly evaporate from the drops.
EXPERIMENT
A schematic diagram of the apparatus used is shown in Figure 1 . HO2 was produced by adding a small amount (0.3%) of H2 to a flow of air which was saturated with water vapor at 20øC and passed over a coil of hot Nichrome wire. The wire was heated to a dull red glow. It was found that both water vapor and H• were needed to produce HO• without producing excessive amounts of unwanted organic peroxy radicals (RO2). The hot wire was also found to produce a substantial number of very small particles with radii of a few nanometers. Number concentrations and size distributions of these particles were measured using the ultrafine aerosol equipment of Stolzenberg and McMurry [1986] . The total surface area of these particles was a factor of 100 less than that of the aerosol which was the object of study; thus, they should have no effect on the results. The flow was partially cooled in a heat exchange prior to being admitted to the flow tube.
As noted above, the hot wire tended to produce both HO• and RO• radicals. These could be distinguished as follows.
When no H2 or H•O was added to the flow and no steps were taken to reduce hydrocarbon levels in the air used, the radicals produced were lost slowly to the walls (a factor of ten slower than the diffusion limit) and did not react appreciably with the Cu(II) doped aerosol. Also, under these conditions, both organic hydroperoxides (ROOH) and H202 were observed using a fluorometric technique Lazrus et al., 1986] . When H2 and H20 were added and hydrocarbon levels were reduced (using zero air or treating the air as described below) the radicals were lost rapidly to the walls (approximating the diffusion limit) and reacted readily with the aerosol. Under these conditions, only H202 and no ROOH was observed. We infer that in the former case RO2 was being formed and in the latter case HO2 was obtained. Adding large amounts of aerosol showed that there was always some residual RO2 that did not react with the aerosol. This residual typically amounted to about 10% at the upstream points to 50% at downstream points. For each decay this was measured and subtracted from all points.
The air used was taken from a compressed air line and purified by passing it over CrO3 supported on silica gel and then over ascarite to remove NOx and other acidic gases. The air flow used for the HO2 source was further purified with a heatless dryer air cleaner (Puregas, model HE204) fo reduce hydrocarbon levels. UHP H2 was used without treatment. The humidifier consisted of a bubbler containing deionized water and followed by a condenser held at the temperature of the experiment. The aerosol was prepared by using a Collison atomizer to produce a mist from a solution containing the desired salt and then drying the droplets in a diffusion dryer. This polydisperse aerosol was then brought into a Boltzmann charge equilibrium using a Po 2•ø radioactive source. The The wet particles used in these experiments have radii of 0.05 to 0.1 /xm. Use of particles in this size range is convenient since the rate of mass transport is almost entirely gas kinetic and is only slightly affected by diffusion [Fuchs and Sutugin, 1970] . Also, for particles of this size the time constants for settling (12 hours) and diffusion to the walls (100 hours) are long enough so that the loss of particles during the experiment is negligible. The use of a monodisperse aerosol makes it easy to determine the surface area from the number concentration and also makes it easy to correct for the small effect of gas phase diffusion, which is size dependent. Since the relative humidity was about 75%, the drops consist of very concentrated salt solutions. At this humidity the drop equilibrates with water vapor in less than a millisecond so that the drops should neither evaporate nor grow during the experiment.
The salt solution used consisted primarily of either LiNO3 (chosen because of its favorable deliquescence properties and chemical neutrality) or NH4HSO4 (which is representative of the atmospheric clear air aerosol, Charlson et al. [1978] ). To this was added CuSO4 as a catalyst. Also, the pH of the LiNO3 aerosol was controlled with either a phosphate (pH7) or phthalate buffer (pH5). All chemicals were reagent grade used without further purification.
The HO2 and aerosol were combined just before they entered the flow tube through a 3A" o.d. glass tube. The flow tube was made of Pyrex and was 1.2 rn long with an i.d. of 75 mm. Water at a constant temperature of 20øC was circulated through a water jacket. A movable sampling tube, located on the axis of the cell, was used for HO2 measurements. The relative humidity was determined by measuring the dewpoint of the outflow with a dewpoint hygrometer (EG&G, model 880). From the flow velocity measurements described below it was found to be necessary to place flowsmoothing screens near both the inlet and outlet of the flow tube. The upstream screen and the tubing through which the HO2 passed were coated with Halocarbon wax in order to reduce losses of HO2. Uniform mixing of the reactants was verified by measuring the aerosol number density as a function of radial position in the tube.
Since the flow tube was operated at atmospheric pressure, it was not possible to assume plug flow conditions. Keyser [1984] has provided a discussion of some of the differences between high pressure flow tubes and the low pressure flow tubes more commonly used in kinetics experiments. If the initial velocity is uniform across the tube, then the distance required to produce a fully developed laminar flow is given by•he i•let leng[h [Goldstein, 1965] . In our tube, this is about 30 •cm, At high pressure, in a sufficiently large tube, the wall loss rate will become independent of the reaction probability at the wall and will approach the diffusion limit [Gormley and Kennedy, 1949] .
Since the decays of HO2 are determined by measuring the HO2 concentration as a function of distance, it is necessary to convert distances into times using a suitable flow velocity. Under laminar flow conditions, both the flow velocity and the HO2 concentration will be largest near the center of the tube. The appropriate flow velocity for converting distance into time depends on both the velocity and concentration profiles. This problem has been examined in detail by Walker The NO2 produced is then detected by means of its chemiluminescent reaction with a luminol solution. Any background due to NO2 or 03 in the flow is subtracted out by modulating the CO flow with N2. We made no attempt to calibrate the detector since only relative concentrations are required in our study. However, based on the work of Cantrell et al. [1984] , we estimate that the HO2 concentrations were about l0 s to 109 molec cm -3. This is sufficiently low that the gas phase self-reaction of HO2 should be negligible on the time scale of these experiments (roughly 1 min). In the absence of aerosol the major loss of HO2 radicals will be at the wall.
RESULTS AND DISCUSSION
As described above, the HO2 concentration was measured as a function of the downstream distance from the flow tube inlet. The results were fitted to an exponential using weighted least squares. After using the flow velocity to convert distances into times, the results lead to a pseudo-first-order rate constant. This rate constant is the sum of two terms, one from the wall loss and one from the reaction with the aerosol. The wall loss rate was measured in the absence of the aerosol and subtracted out.
The wall loss rate was measured repeatedly during the experiment and was found to be very reproducible. It did not depend on the initial concentration of HO2, verifying that self-reaction of HOe was negligible. However, the wall loss rate did appear to decrease as we increased the downstream distance at which the decay was measured. Also, it was roughly twice as fast as the diffusion limit [Gormley and Kennedy, 1949] . We believe that both of these effects were due to the slight temperature differential between the gas and where kw is the wall loss rate constant, kli is the second-order rate constant for reaction with the aerosol, and N is the particle number density. From Figure 3 we see that the second order rate constant appears to be slightly larger when larger particles were used; this is probably due to the greater surface area.
The second-order rate constant, kII, is related to the reaction probability, % by the expression [ The wet drop radius was calculated from the dry particle radius by using the density of the solution and the equilibrium concentration of the major salt at the relative humidity of the experiment. Small corrections were applied for the Kelvin effect (assuming that the surface tension was the same as for pure water) and the presence of minor salts (CuSO4 and the buffers) for which an ideal solution was assumed. For NH4HSO4, water activity and density data were taken from Tang and Munkelwitz [1977] . For LiNO3, the dry particle is the crystalline hydrate, LiNO3.3H20 [Hart and Beumel, 1973] . The density of this salt was taken from Mashovets et al. [1969] , water activity data were from Robinson [1946] , and solution density data were from Meyer [1960] . For both aerosols, the wet particle radius was about 50% larger than the dry radius.
To test these calculations, we made measurements of both the wet and dry particle size using the tandem DMA technique [Rader and McMurry, 1986] In addition to the data shown in Figures 3 and 4 , a number of other measurements were made with particles of varying size and composition. These data, along with those from the figures, are summarized in Tables 1 and 2 . A total of 17 decays were measured with NH4HSO4. For each decay, the average wall loss rate was subtracted from the first-order decay rate. This was divided by the particle number density to obtain the second-order rate constant, kii. Then, equation (2) In these experiments, we wanted to keep the CuSO4 concentration as low as possible in order to minimize its effects on the deliquescence properties of the aerosol. On the basis of experiments which showed little effect on the decay rate with differing Cu(II) concentrations, we concluded that the amount of Cu(II) being used was adequate. However, in The error would appear to be more severe for LiNO3 than for NH4HSO4; however, 3' is already near unity for this system. In any case, the data in Tables 1 and 2 dry mass of the atmospheric aerosol compared to 0.4% for this study. Thus, for the Cu concentrations present in atmospheric aerosols, the reaction rate might approach the mass-transport limit. The most common atmospheric trace metal, iron, is found in fine particles at about 10 times the copper concentration. Since the rate constant for Fe(III) + HO2 is a factor of 300 slower than for Cu(II) [Bielski et al., 1985] , this reaction will be much less important unless ionic strength effects are very large.
The 
CONCLUSIONS
Measured values of the reaction probability of HO2 with Cu(II) doped aqueous aerosols were 0.94 -0.50 for LiNO3 and 0.40-0.21 for NH4HSO4. The uncertainties include both random errors at the 2tr level and a possible systematic error due to uncertainties in the flow conditions and particle radius. The mass accommodation coefficient may be somewhat larger than these values due to the possibility that an inadequate amount of Cu(II) was used. The results may be very conservatively summarized by stating that the mass accommodation coefficient is greater than 0.2 for HO2 on deliquescent salt particles. It seems reasonable to assume that this is representative of water.
The calculations of Chameides and Davis [1982] and
Schwartz [1984] show that the rate of HO2 uptake by cloud droplets is not strongly affected by the mass accommodation coefficient as long as a is greater than about 0.01. Hence, the application of these results to models of cloud chemistry can be summarized quite simply: at the gas-liquid interface HO2 will be in equilibrium. For submicrometer aerosols, reactions of HO2 with Cu ions may be fast enough to be limited by the accommodation coefficient, even if it is large. These reactions may also be important as a sink of odd hydrogen radicals and a source of H202.
Because of the potential atmospheric importance of these reactions, it is desireable to obtain more accurate values of the accommodation coefficient, and examine more carefully its dependence on ionic media, relative humidity, particle size, and pH. Such studies could yield considerable insight into the solution phase chemistry taking place. To achieve this, an alternate, cleaner HO2 source, capable of producing higher HO2 concentrations, is needed. Also, a number of other refinements to the experiment must be made, particularly with regard to the flow properties and Cu concentrations used. We are presently making these improvements with the intent of carrying out further studies.
